We aim to determine if direct thrombin inhibition by dabigatran will improve long-term brain morphological and neurofunctional outcomes and if potential therapeutic effects are dependent upon reduced PAR-1 stimulation and consequent mTOR activation. Germinal matrix haemorrhage was induced by stereotaxically injecting 0.3 U type VII-S collagenase into the germinal matrix of P7 rat pups. Animals were divided into five groups: sham, vehicle (5% DMSO), dabigatran intraperitoneal, dabigatran intraperitoneal þ TFLLR-NH 2 (PAR-1 agonist) intranasal, SCH79797 (PAR-1 antagonist) intraperitoneal, and dabigatran intranasal. Neurofunctional outcomes were determined by Morris water maze, rotarod, and foot fault evaluations at three weeks. Brain morphological outcomes were determined by histological Nissl staining at four weeks. Expression levels of p-mTOR/p-p70s6k at three days and vitronectin/fibronectin at 28 days were quantified. Intranasal and intraperitoneal dabigatran promoted long-term neurofunctional recovery, improved brain morphological outcomes, and reduced intracranial pressure at four weeks after GMH. PAR-1 stimulation tended to reverse dabigatran's effects on post-haemorrhagic hydrocephalus development. Dabigatran also reduced expression of short-term p-mTOR and long-term extracellular matrix proteins, which tended to be reversed by PAR-1 agonist coadministration. PAR-1 inhibition alone, however, did not achieve the same therapeutic effects as dabigatran administration.
Introduction
Occurring in approximately 3.5 per 1000 live births, germinal matrix haemorrhage (GMH) remains a leading cause of mortality and lifelong morbidity in premature and/or very low birthweight infants. 1 The rupturing of immature blood vessels in the subependymal brain tissue is thought to result from deficient autoregulatory mechanisms that inadequately function in response to abnormal cerebral blood flow fluctuations spurred by cardiorespiratory and haemodynamic instability. 2 Long-term clinical complications from GMH include developmental delays, learning and psychiatric disorders, cerebral palsy, and posthaemorrhagic hydrocephalus, all of which pose significant economic burdens on both the patients and the US healthcare system. [3] [4] [5] Prenatal glucocorticoid administration remains the best treatment for preventing GMH in premature infants, yet few clinical approaches exist for GMH clinical management postictus. 6, 7 Minimal advancements have also been made in post-haemorrhagic hydrocephalus clinical management, which is mostly limited to surgical insertion of shunts that drain excess cerebrospinal fluid from the ventricles into the peritoneum. 2, 8 Thus, a non-invasive, safe therapeutic approach that successfully mitigates post-haemorrhagic hydrocephalus development after GMH would significantly improve the quality of life for this patient population. Immediately after haemorrhage, the coagulation cascade is triggered, and thrombin, a serine protease, is activated. 9 In addition to inducing clot formation by converting fibrinogen into fibrin, thrombin also stimulates proteinase-activated receptors (PARs), [10] [11] [12] leading to phosphorylation and subsequent activation of mammalian target of rapamycin (mTOR). 13 Activated mTOR has been associated with extracellular matrix (ECM) protein proliferation in fibroblasts, which possibly disrupts cerebrospinal fluid (CSF) dynamics in the cerebroventricular system. [14] [15] [16] [17] [18] [19] In our prior studies, long-term post-GMH ventricular dilation was associated with increased expression of vitronectin and fibronectin, 20 combinatorial PAR-1 and PAR-4 inhibitors reduced p-mTOR expression at 72 h after GMH, and rapamycin treatment ameliorated long-term neurocognitive deficits and improved brain morphology at four weeks post-GMH. 13 Yet, long-term evaluations for PAR-1 and/or PAR-4 inhibitor administration as well as ECM protein expression levels were not investigated in these studies. Nonetheless, inhibiting the thrombin/PAR/mTOR pathway seems be a promising strategy for ameliorating post-haemorrhagic hydrocephalus formation after GMH.
Dabigatran, an oral anti-coagulant also known as Pradaxa, is a direct thrombin inhibitor clinically approved for preventing deep vein thrombosis, pulmonary embolism, and stroke from atrial fibrillation. 21, 22 While dabigatran reduced overall major and minor bleeding events compared to warfarin, gastrointestinal bleeds were significantly higher. 23 An antidote, Idarucizumab, was developed to reverse dabigatran's anti-coagulant effects in the event of major, uncontrolled bleeds. 24 Although inhibiting thrombin may ameliorate brain injury, dabigatran's anti-coagulant properties pose a risk of increased bleeding after cerebral haemorrhage. Dabigatran was evaluated in a rodent model of adult intracerebral haemorrhage and was determined to not increase haematoma volume while attenuating brain injury for the doses evaluated, 25 but an additional study suggests high doses of dabigatran do increase haematoma volume, which can be controlled by intravenous injection of prothrombin complex concentrate. 26 We perform a similar dosing study to evaluate dabigatran's safety for GMH and to determine the best dose for further investigation.
Herein, we evaluate if direct thrombin inhibition by dabigatran ameliorates long-term neurocognitive deficits, improves brain morphological outcomes, and reduces ECM proliferation. We further investigate if potential therapeutic effects are dependent upon reduced PAR-1 stimulation and subsequent mTOR activation, since PAR-1 inhibition reduced brain injury severity in both adult cerebral ischaemic and haemorrhage models. Given dabigatran's anti-coagulant effects, inhibiting one of thrombin's receptors may be a safer approach if it still achieves the same degree of efficacy, and we aim to determine if PAR-1 inhibition alone will potentially achieve the same therapeutic benefits as direct thrombin inhibition. We further evaluate if PAR-1 stimulation will reverse dabigatran's therapeutic effects to better confirm this pathway's role in GMH pathophysiology. Additionally, intranasal drug administration has been shown to be an effective, localized delivery route to the brain, and we aimed to determine if this route would be efficacious for dabigatran administration. 27, 28 We determine the effects of the thrombin/PAR-1 pathway on mTOR phosphorylation in the short term as well as ECM protein expression, brain morphology, neurocognitive and sensorimotor function, and intracranial pressure in the long term.
Materials and methods

GMH surgical procedures
All experiments in this paper were performed according to the ARRIVE guidelines. All procedures were approved by the Loma Linda University Institutional Animal Care and Use Committee in accordance with the National Institute of Health's guidelines. Animals were housed in bedded cages with littermates and dam until weaned, after which they were housed two to three per cage with same sex littermates. Animals were fed ad libitum and housed in a temperature-and humiditycontrolled animal care facility with 12-h light/dark cycles and twice daily welfare assessments. For GMH induction, postnatal day 7, rat pups weighing between 12-15 g (brain development comparable to 30-32-week human gestation) were anesthetized using 2-3% isoflurane delivered in a mixture of medical grade oxygen and air. The scalp was sterilized by topically applying isopropyl alcohol and betadine, and then the heads were fixed onto a stereotaxic frame. An incision was made to expose bregma and a 1 mm burr hole was drilled at 1.6 mm right lateral and 1.5 mm rostral relative to bregma. A 10 mL Hamilton syringe filled with 0.3 U/mL collagenase solution was fixed to an infusion pump (Harvard Apparatus, Holliston, MA) and the needle inserted to a depth of 2.8 mm below the dura with the bevel facing the midline. 0.3 U type VII-S collagenase from Clostridium hystolyticum (Sigma Aldrich, St. Louis, MO) was infused at a rate of 0.1 U/min, and the needle was left in place for 5 min before being removed at a rate of 1 mm/min to reduce backflow. The burr hole was sealed using bone wax and the incision sutured with 5-0 silk. Animals were allowed to recover on a 37 C heating pad then returned to the dam after awakening from anaesthesia. Sham surgery involved needle insertion without collagenase infusion. The average surgery time was approximately 30 min per animal.
Experimental groups and treatments
For the dabigatran plasma concentration studies, 72 P7 rat pups were randomly divided into three treatment groups: low dose 3 mg/kg, medium dose 10 mg/kg, or high dose 30 mg/kg administered intraperitoneally. Lyophilized dabigatran (Boehringer Ingelheim, Ingelheim am Rhein, Germany) was dissolved into a 5% dimethyl sulfoxide (DMSO) solution (Sigma Aldrich, St. Louis, MO). Blood was collected by cardiac puncture prior to euthanization at 2, 4, 8, 12, 18, or 24 h after dabigatran administration for all three treatment groups (n ¼ 4/group/endpoint). For the haematoma expansion safety study, 54 P7 rat pups were randomly divided into nine groups (n ¼ 6/group): naı¨ve, sham, vehicle (5% DMSO), 3 mg/kg dabigatran QD, 3 mg/kg dabigatran BID, 10 mg/kg dabigatran QD, 10 mg/kg dabigatran BID, 30 mg/kg dabigatran QD, and 30 mg/kg dabigatran BID. Dabigatran was administered intraperitoneally for this study. For long-term evaluations, 72 P7 rat pups were randomly divided into six groups (n ¼ 10-12/group, split evenly between histology and Western blot/intracranial pressure): sham, vehicle, 3 mg/kg dabigatran intraperitoneally, 3 mg/kg dabigatran intraperitoneally þ1 mg/kg TFLLR-NH 2 (PAR-1 agonist) intranasally (Tocris, Minneapolis, MN), 10 mg/kg SCH79797 (PAR-1 antagonist) intraperitoneally (Tocris, Minneapolis, MN), and 3 mg/kg dabigatran intranasally. All pups were randomized among treatment groups and all treatments commenced 2 h post-ictus and then twice a day for three days. For time course Western blots, 48 P7 rat pups were randomly divided into eight groups (n ¼ 6/group) and euthanized at the indicated time point after GMH: Naı¨ve, 3, 6, 12 h, 1, 3, 5, and 7 days post-ictus. For short-term evaluations, 48 P7 rat pups were randomly divided into eight groups (n ¼ 6/group): sham, vehicle BID for 3 days, 3 mg/kg dabigatran intraperitoneally; 3 mg/kg dabigatran intraperitoneally þ 1 mg/kg TFLLR-NH 2 intranasally; 10 mg/kg SCH79797 intraperitoneally; 3 mg/kg dabigatran intranasally; 3 mg/kg dabigatran intranasally þ 1 mg/kg TFLLR-NH 2 intranasally. The TFLLR-NH 2 intranasal dose was derived from a prior in vivo rodent study, 29 and the SCH79797 intraperitoneal dose was derived from our prior GMH study. 13 Intracranial pressure measurement Intracranial pressure was measured as previously described. 30 At 28 days post-ictus, animals were anesthetized and mounted onto a stereotaxic frame with their heads inclined 30 downward. The atlantooccipital membrane was exposed by a midline skin excision and the cisterna magna punctured with a 26 G needle connected to a pressure transducer (Digi-Med LPA 400, Micro-Med, Louisville, KY).
Neurobehavioral assessments
A battery of tests was performed, by blinded investigators, to evaluate sensorimotor and cognitive deficits between 21 and 28 days post-ictus, as previously performed. 20, 31 Foot fault test: Rats were placed on a wire grid (20 Â 40 cm) 2 ft above the ground and allowed to walk for 2 min. The left limb faults are reported as a percentage of the total steps taken by the left limbs ((left faults/left steps) Â 100). Rotarod: Rats were placed on a rotating cylinder (San Diego Instruments, Columbus, OH), 7 cm diameter, 9.6 cm lanes) accelerating at 2 r/min per 5 s (starting speeds of either 5 or 10 r/min), and a photobeam circuit detected the latency to fall off the cylinder. Morris Water Maze: Briefly, rats were trained using a visible platform (10 cm diameter, Cued test) on day 1. On days 2-5, latency to find a submerged platform was measured (Memory Blocks 1-4, 5 trials each block, 1 min each trial). After completing the memory test, the platform was removed, and the rats were tested to determine the amount of time spent within the platform quadrant (Probe Trial, 1 min trial). An overhead camera with a computerized tracking system (Noldus Ethovision, Tacoma, WA) recorded the swim path and measured swim distance, speed, and time spent in target quadrant.
Perfusions and tissue extraction
Deeply anesthetized (5% isoflurane) animals were euthanized by trans-cardiac perfusion with ice-cold phosphate-buffered saline (PBS) for haemoglobin assay and Western blot samples or with ice-cold PBS followed by 10% formalin for histology samples. Forebrains were either snap-frozen in liquid nitrogen and stored in À80 C freezer for Western blot and haemoglobin assay or post-fixed in 10% formaldehyde for at least three days then dehydrated with 30% sucrose for at least 3 days (4 C) for histology. Histology forebrains were embedded in Optimal Cutting Temperature compound and stored at À20 C.
Haemoclot assay
Blood was drawn by cardiac puncture and collected in a 0.106 mol/L trisodium citrate solution (1 part anti-coagulant to 9 parts blood). Blood was centrifuged at 2600g for 10 min at 20 C. Platelet-poor plasma was collected and snap frozen in liquid nitrogen and then stored at À80 C until analysis. Dabigatran plasma concentration was determined by Hemoclot Assay (Aniara, West Chester, OH) as previously described. 32 Briefly, a calibration curve was created using control plasma with 0, 1.25, 2.5, 3.75, and 5 mg/mL dabigatran. The hemoclot assay was performed following the manufacturer guidelines. Absorbance was measured on a microplate spectrophotometer (iMark, Bio-Rad, Hercules, CA) at 405 nm against a blank.
Haemoglobin assay
Frozen forebrains were homogenized in 3 mL PBS for at least 60 s then sonicated for at least 60 s. The homogenate was centrifuged at 13,000 r/min, 20 C for 30 min. 200 mcL of supernatant were combined with 800 mL Drabkin's reagent (Sigma-Aldrich, St. Louis, MO). After 15 min, absorbance at 450 nm was measured using a spectrophotometer (Genesis 10 UV; Thermo Fisher Scientific, Waltham, MA). Haemorrhage volume was calculated against a standard curve (created using naı¨ve forebrains and known quantities of blood).
Western blot
Forebrains were homogenized in RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX) for at least 60 s. The homogenate was centrifuged at 15,000 r/min, 4 C for 20 min and supernatant collected, aliquoted, then stored at À80 C. Protein concentrations were determined by DC protein assay (Bio-Rad, Hercules, CA). Fifty micrograms of protein per sample were loaded into wells of 10% gels, ran for 30 min at 50 V, then 90 min at 125 V. Proteins were transferred onto a nitrocellulose membrane at 0.3 A for 120 min (Bio-Rad, Hercules, CA). Primary antibodies were applied to the membranes and incubated overnight at 4 C: p-mTOR (1:1000; Cell Signalling Technology, Danvers, MA); p-p70s6k (1:1000; Cell Signalling Technology, Danvers, MA); mTOR (1:1000; Cell Signalling Technology, Danvers, MA); p70s6k (1:1000; Cell Signalling Technology, Danvers, MA); vitronectin (1:1000; Abcam, Cambridge, MA); and Actin (1:1000 Santa Cruz Biotechnology, Dallas, TX). Membranes were washed, then incubated in secondary antibodies (1:2000; Santa Cruz Biotechnology, Dallas, TX) for 2 h at 4 C. Proteins were exposed onto radiography film after applying enhanced chemiluminescent solution (GE Healthcare and Life Science, Piscataway, NJ) onto the membranes. ImageJ software (Media Cybernetics, Silver Spring, MD) was used to analyse relative density. Optical density of target bands was divided by the optical density of their corresponding actin bands to determine relative density. The p-mTOR/mTOR and p-p70s6k/p70s6k short-term Western blots were analysed by dividing p-mTOR or p-70s6k by the relative density of corresponding total mTOR or p70s6k. Time course Western blots were normalized to mean relative density of the naı¨ve group.
Histology
A cryostat (Leica Microsystems LM3050S, Wetzlar, Germany) was used to cut 10 mm thick coronal sections every 600 mm into the brain. Brain slices were Nissl stained and morphometrically analysed using ImageJ (Media Cybernetics, Silver Spring, MD)-assisted delineation of brain structures, as previously performed in our lab. 33 Ventricle volume was calculated as average ventricular area multiplied by the depth of the cerebroventricular system. White matter loss was calculated as the average white matter area multiplied by depth of the cerebroventricular system and expressed as % of the sham group by dividing volumes to the overall average volume of the Sham group. For immunohistochemistry, 10 mm coronal sections were incubated in 0.03% triton solution for 30 min, blocked in donkey serum for 2 h, then incubated in primary antibody overnight at 4 C: NeuN (1:100; Abcam, Cambridge, MA); GFAP (1:100;
Abcam, Cambridge, MA); Vimentin (1:50; Abcam, Cambridge, MA); p-mTOR (1:10, Santa Cruz Biotech, Santa Cruz, Ca); Fibronectin (1:100; Abcam, Cambridge, MA); Vitronectin (1:100; Abcam, Cambridge, MA). Slides were washed then incubated in secondary antibody (1:200; Jackson ImmunoResearch Labs, West Grove, PA) for 2 h at room temperature. Slides were then briefly DAPI stained (Vector Laboratories, Burlingame, CA), fixed in paramount, and visualized.
Statistical analysis
Data are expressed as mean AE standard deviation. Oneway ANOVA using the Newman-Keuls post-hoc test was used to analyse all data. A p < 0.05 was considered statistically significant in all analyses except neurobehaviour; a p < 0.10 was considered statistically significant for neurobehavioural analyses.
Results
Dabigatran half-life and haematoma volume after GMH
A dosing study was performed to assess the safety and efficacy of dabigatran. Plasma concentrations reached maximum levels 2 h after injection and have an approximate half-life of 8-12 h (Figure 1(a) ). Dabigatran (30 mg/kg) administered intraperitoneally QD or BID significantly increased haematoma volume 24 h after GMH. Dabigatran (10 mg/kg) administered intraperitoneally QD or BID had no effect on haematoma volume 24 h after GMH; 3 mg/kg dabigatran QD administered intraperitoneally had no effect on haematoma volume, while dabigatran BID tended to decrease haematoma volume ( Figure 1(b) ). Excessive bleeding and mortality associated with excessive bleeding, where uncoagulated blood was usually found at the abdomen/intestine, intraperitoneal injection site, and/ or surgical suture on the head, were also observed in all groups, particularly the higher dose groups (between 0 and 33% mortality, Table 1 ).
Thrombin inhibition improved long-term neurofunctional recovery, which was not reversed by PAR-1 stimulation. PAR-1 inhibition alone was not sufficient to promote recovery Using the best-tolerated dose, 3 mg/kg dabigatran administered intraperitoneally BID, we evaluated its efficacy on promoting long-term neurofunctional recovery. After observing the bleeding side effects, particularly bleeding near the injection sites, as well as mortality data from systemic dabigatran administration, we decided to investigate if a localized intranasal administration would promote long-term recovery. Dabigatran intranasal administration may increase brain concentration compared to intraperitoneal administration and avoids repeated abdominal injections, which may cause the observed bleeding, although the high bioavailability of small drugs after intranasal delivery may make blood plasma concentrations similar to intraperitoneal delivery and have the same bleeding risk. 28 The vehicle group performed significantly worse than sham in the foot fault (Figure 2(a) ), rotarod (Figure 2(b) ), and Morris water maze tests (Figure 2 (c) and (d)). Dabigatran administered intraperitoneally significantly improved performances on the foot fault and rotarod tests, but did not improve performance in the Morris water maze test compared to vehicle. PAR-1 agonist, TFLLR-NH 2 , did not reverse neurobehavioural outcomes from intraperitoneal dabigatran. PAR-1 antagonist, SCH79797, administration did not improve performances on the foot fault or Morris water maze tests, and only tended to improve performance on the rotarod test compared to vehicle. Intranasal dabigatran did not improve performance on the foot fault test, tended to improve performance on the rotarod test, and significantly improved performance on the Morris water maze test compared to vehicle.
Thrombin inhibition improved long-term brain morphological outcomes, which tended to be reversed by PAR-1 stimulation. PAR-1 inhibition alone was not sufficient to promote recovery
To determine the treatment effects on long-term posthaemorrhagic hydrocephalus outcomes, intracranial pressure was measured and brain morphological outcomes determined by histological analysis at four weeks post-GMH ( Figure 3 ). Dabigatran administered either intraperitoneally or intranasally had significantly diminished post-haemorrhagic ventricular dilation (Figure 3(b) ) and white matter loss (Figure 3(c) ) compared to vehicle. PAR-1 agonist co-administration significantly reversed intraperitoneal dabigatran's effect on reduced post-haemorrhagic ventricular dilation and tended to reverse intraperitoneal dabigatran's effect on ameliorating white matter loss. PAR-1 antagonist administration did not significantly diminish posthaemorrhagic ventricular dilation or white matter loss compared to vehicle. Additionally, the vehicle group had significantly increased intracranial pressure compared to sham, which was prevented by dabigatran (intraperitoneal and intranasal) but not PAR-1 antagonism (Figure 3(d) ). PAR-1 agonist coadministration significantly reversed the intraperitoneal Dabiagatran's effects on diminishing intracranial pressure.
Short-term p-mTOR and downstream p-p70s6k expression levels are significantly increased after GMH Activated mTOR has been implicated as a potential downstream effector of thrombin-induced PAR stimulation, leading to consequent ECM protein proliferation. We evaluated the expression time course of p-mTOR (Figure 4(a) ) and its downstream effector, p-p70s6k (Figure 4(b) ), after GMH. Activated mTOR (p-mTOR) expression levels were significantly increased 3 h and remained elevated up to seven Thrombin inhibition reduced p-mTOR and p-p70s5k expression levels at three days post-ictus, which were reversed by PAR-1 stimulation. PAR-1 inhibition alone did not significantly reduce p-mTOR and p-p70s6k expression
Three days post-GMH, the effect of treatment on p-mTOR expression was evaluated ( Figure 5 ). Dabigatran (intraperitoneal and intranasal) significantly decreased p-mTOR and p-p70s6k expression levels compared to vehicle, which were reversed by PAR-1 agonist co-administration. Intraperitoneal PAR-1 antagonist administration did not significantly reduce p-mTOR or p-p70s6k expression levels compared to vehicle (Figure 5(a) and (b) ).
Thrombin inhibition significantly reduced long-term ECM protein proliferation after GMH, which was not reversed by PAR-1 stimulation. PAR-1 inhibition alone tended to reduce ECM protein proliferation ECM protein proliferation has been associated with post-haemorrhagic hydrocephalus after GMH, thus we evaluated the treatment effects on vitronectin ( Figure 6 (a)) and fibronectin ( Figure 6 (b)) expression levels four weeks' post-ictus. The vehicle group had significantly increased the expression of both vitronectin and fibronectin compared to sham, which was prevented by dabigatran (intraperitoneal and intranasal) and tended to decrease by PAR-1 antagonism. PAR-1 agonist co-administration did not significantly reverse intraperitoneal dabigatran effects on reducing vitronectin expression and only tended to reverse intraperitoneal dabigatran effects on reducing fibronectin expression. Immunohistochemical staining for fibronectin and vitronectin in sham and GMH brains at four weeks' post-ictus indicated slightly increased ipsilateral periventricular ECM expression in GMH brains ( Figure 6(c) ).
Discussion
Post-haemorrhagic hydrocephalus is a common neurological sequelae afflicting severe grade GMH patients, and a non-invasive therapeutic approach would significantly improve the quality of life for this patient population. Elucidating clinically translatable pathophysiological mechanisms contributing towards post-haemorrhagic hydrocephalus development will hopefully yield novel therapeutic modalities to accomplish this aim. Thrombin has been identified as a potentially critical player, since intraventricular thrombin injection results in brain tissue damage and ventricular dilation in adult rats, which was reversed by intraventricular PAR-1 antagonist injection. 34 Thrombin activity is significantly upregulated 24 h after GMH and tends to remain elevated up to 10 days post-ictus. 13 Additionally, stimulation of thrombin's receptors, PARs-1, -3, and -4, upregulates downstream proliferative pathways associated with brain injury, including PI3K/Akt, mTOR, and MAPK. [10] [11] [12] Our prior studies determined that active p-mTOR is significantly upregulated in GMH rats at 72 h post-ictus, and co-administration of PAR-1 and PAR-4 inhibitors reduced the p-mTOR expression levels. Additionally, mTOR inhibition by rapamycin treatment improved long-term neurofunctional and brain morphological outcomes after GMH. 13 Thus, this pathway warrants further investigation. Dabigatran is a novel direct thrombin inhibitor clinically approved for treating deep vein thrombosis and preventing stroke from atrial fibrillation. 21, 22 Similar to argatroban, 35 dabigatran is a competitive inhibitor that reversibly binds to thrombin's active site. We aimed to evaluate this clinically available drug in our neonatal rat GMH model. We first performed a dosing study to (1) identify the half-life of dabigatran and (2) determine the best treatment regimen to prevent haematoma expansion and other adverse effects. Plasma dabigatran concentrations after intraperitoneal administration was measured at 2, 4, 8, 12, 18, and 24 h after injection using three doses: 3 mg/kg, 10 mg/kg, and 30 mg/kg. Plasma concentrations for all three doses had peaked by 2 h and the half-life was 8-12 h in neonatal rats (Figure 1(a) ).
While thrombin inhibition has yielded positive results in intracerebral haemorrhage models, evidence suggests that high doses of thrombin inhibitors result in increased haematoma volumes due to their anticoagulant effects. 25, 26 Indeed, direct thrombin inhibition risks increased haemorrhaging after GMH, which likely may augment GMH pathophysiology rather than ameliorate it. Any harmful downstream factors attenuated from direct thrombin inhibition will be mitigated by an enlarged haematoma, which will further damage tissue and disrupt the cerebroventricular system. Thus, determining the safest dabigatran dose and probing downstream thrombin pathways that will not disrupt coagulation is imperative. Given dabigatran's 8-12-h half-life, dabigatran was given QD and BID. Dabigatran (30 mg/kg) QD and BID resulted in significantly greater haematoma volumes compared to that of the vehicle. Dabigatran (10 mg/kg) QD and BID and dabigatran (3 mg/kg) QD had haematoma volumes comparable to that of the vehicle, whereas dabigatran (3 mg/kg) BID tended to decrease haematoma volume (Figure 1(b) ). We speculate dabigatran's anti-coagulant properties at 3 mg/kg are potent enough to attenuate the accumulation of blood in the brain and cerebroventricular system while preventing excess bleeding and consequent haematoma expansion. These findings are analogous to studies investigating fibrinolytic agents to breakdown cerebroventricular blood clots after intraventricular haemorrhage. 36 During the dosing study, some mortality was observed in the medium and high-dose groups ( Table 1) , but many of the animals in those groups suffered from adverse bleeding side effects, particularly in the abdomen. We were concerned systemic administration of dabigatran may be risky, so we decided to investigate if intranasal administration, which is more localized to the brain, could be therapeutically beneficial. In addition to being convenient, easy, and relatively painless, the intranasal administration route has several key attributes. The nasal cavity's rich vascular plexus directly absorbs small molecular drugs into the bloodstream, with rates of absorption and plasma concentrations being similar to intravenous administration. 37 Intraperitoneal administration is comparatively slower since the drugs are primarily absorbed in mesenteric vessels, which drains into the portal vein and passes through the liver. 38 Thus, intraperitoneally administered drugs may exhibit first-pass hepatic metabolism before entering the systemic circulation and often have pharmacokinetics similar to orally administered drugs. 39 Intranasal administration avoids the first-pass effect, since the drugs are absorbed directly into the bloodstream. 40 Additionally, intranasal administration may achieve higher CSF concentrations than plasma concentration, given the route's close proximity to the brain. [41] [42] [43] More research is warranted to determine the differences in bioavailability and biodistribution between dabigatran administration routes. An intranasal administration group was added to the long-term study, and only 3 mg/kg dabigatran BID administered either intraperitoneally or intranasally was used, since it was best tolerated. Recognizing that direct thrombin inhibitors have an inherent bleeding risk, we investigated if (1) inhibiting PAR-1, a downstream thrombin receptor, will achieve the same therapeutic results and (2) stimulating PAR-1 will reverse dabigatran's therapeutic effects.
Dabigatran treatment ameliorated long-term neurofunctional deficits. Interestingly, intraperitoneal dabigatran only improved locomotor and sensorimotor outcomes, evidenced by better foot fault and rotarod performances, while intranasal dabigatran administration only improved neurocognitive function, evidenced by better Morris water maze performances (Figure 2 ). PAR-1 stimulation did not reverse intraperitoneal dabigatran's therapeutic effects on foot fault and rotarod performance, and PAR-1 inhibition did not significantly attenuate any neurofunctional deficits, although it tended to improve performance on the rotarod test. While both administration routes had identical effects in every aspect of this study with neurobehavioral outcomes being the only exception, these results may partially be explained by the inherent error and variability within the tests, but the potential differential effects from the given administration routes cannot be ignored. Regardless, both administration routes showed significant neurofunctional recovery after GMH.
Both dabigatran administration routes improved long-term brain morphological outcomes by reducing post-haemorrhagic ventricular dilation and white matter loss compared to vehicle, and both routes reduced long-term intracranial pressure compared to vehicle (Figure 3 ). The mechanism of post-haemorrhagic hydrocephalus attenuation by dabigatran remains unknown. Hydrocephalus may be caused by a number of mechanisms: hypersecretion or reduced absorption of CSF (communicating, non-obstructive hydrocephalus), non-communicating obstructive hydrocephalus and hydrocephalus ex vacuo. 44 Hydrocephalus ex vacuo refers to enlargement of the ventricles due to brain tissue loss in the absence of increased CSF pressure. In the rat model of GMH, the post-haemorrhagic hydrocephalus mechanism(s) is not yet known. The observed ventricle enlargement coupled with increased ICP suggests that the mechanism is related to hypersecretion or reduced absorption of CSF, or obstructive hydrocephalus. However, we cannot discount hydrocephalus ex vacuo because we also observed significant ipsilateral white matter loss. Although brain tissue loss occurs in response to increased CSF pressures, the brain tissue loss should be symmetrical, and since the contralateral hemispheric tissue loss is negligible, the mechanism of post-haemorrhagic hydrocephalus in the rat GMH model may be caused by a combination of hydrocephalus mechanisms: hypersecretion of CSF, reduced CSF absorption, obstructive hydrocephalus, and hydrocephalus ex vacuo. To uncouple the progression of hydrocephalus, and understand its mechanisms, following GMH in our rat model, future studies will be undertaken.
PAR-1 stimulation showed a strong tendency to reverse intraperitoneal dabigatran's therapeutic effects on brain morphological and intracranial pressure outcomes since this group did not achieve a statistically significant difference from the vehicle group. PAR-1 inhibition alone failed to ameliorate post-haemorrhagic ventricular dilation, white matter loss, and elevated intracranial pressure. These results suggest that thrombin activity is associated with long-term posthaemorrhagic hydrocephalus development, but post-haemorrhagic hydrocephalus development is not exclusively dependent upon thrombin-induced PAR-1 stimulation, although it may play a minor role in conjunction with other pathways. Indeed, activated thrombin also stimulates PAR-3 and PAR-4 as well, and their potential roles in GMH pathophysiology have not been elucidated. PAR-1 inhibition alone also failed to ameliorate short-term subventricular zone damage in a neonatal mouse GMH model. 45 which is consistent with our results showing PAR-1 inhibition failed to ameliorate long-term white matter loss. Future investigations should rule out PAR-1 inhibition alone and focus on PAR-3, PAR-4, or a combinatorial treatment approach.
Active thrombin is hypothesized to contribute towards fibrosis and consequent ECM protein proliferation, which disrupt cerebrospinal fluid dynamics in the cerebroventricular system, potentially causing posthaemorrhagic hydrocephalus. PAR stimulation leads to activation of multiple proliferative signalling pathways, including PI3K/Akt, MAPK, and mTOR. [10] [11] [12] Previously, mTOR inhibition improved long-term brain morphological and neurofunctional outcomes after GMH, and combinatorial PAR-1,-4 inhibition reduced mTOR activation at 72 h post-GMH. Yet, neither mTOR inhibition, PAR-1,-4 inhibition, nor ECM protein proliferation have been evaluated for long-term outcomes after GMH. 13 Herein, p-mTOR expression was increased immediately following GMH and remained elevated for seven days, and a similar trend was observed for p-p70s6k (Figure 4(a) and (b)). Additionally, increased activated mTOR was observed in neurons, astrocytes, and fibroblasts of GMH brains compared to sham at three days post-ictus ( Figure  4(c) ), indicating that GMH-induced mTOR activation is complex with a diverse range of potential effects. Dabigatran attenuated the elevated expressions of p-mTOR and p-p70s6k, which was reversed by PAR-1 stimulation. Yet, PAR-1 inhibition alone did not significantly decrease p-mTOR or p-p70s6k ( Figure 5 ). Our results suggest that thrombin inhibition decreases mTOR activation, yet it seems that stimulation of any of thrombin's downstream PARs is sufficient to increase mTOR activation. When thrombin is inhibited, it is not able to stimulate PARs inducing mTOR activation, yet stimulation of one PAR, PAR-1 here, was capable of activating mTOR. This is supported by the current work that inhibition of only PAR-1 was unable to prevent mTOR activation. Additionally, this is supported the work of Lekic et al. that combinational PAR-1,-4 inhibition reduced p-mTOR expression 72 h after GMH, indicating that combinatorial PAR inhibition may be necessary to completely target this pathway.
Activated mTOR is hypothesized to contribute towards long-term ECM protein proliferation, which was observed in this work. Dabigatran (intraperitoneally and intranasally) significantly decreased vitronectin and fibronectin, and PAR-1 agonist coadministration did not reverse dabigatran's effects on vitronectin expression but tended to reverse fibronectin expression. PAR-1 inhibition alone tended to reduce vitronectin and fibronectin (Figure 6 (a) and (b)). Immunohistochemical staining indicated a slightly increased expression of both fibronectin and vitronectin in the ipsilateral periventricular region of GMH animals compared to sham at four weeks postictus ( Figure 6(c) ), which may partially disrupt cerebroventricular dynamics and contribute to post-haemorrhagic hydrocephalus development. Significant visual differences in fibronectin and vitronectin immunostaining were not detected in other brain regions, indicating ECM proliferation is either localized to the injured region or too diffuse to visualize by immunohistochemistry. Long-term ECM protein proliferation weakly correlates with short-term p-mTOR expression levels, suggesting that PAR-1/mTOR plays a small role, but other signalling pathways must be involved as well. Most importantly, ECM protein proliferation does not strongly correlate with brain morphological and intracranial pressure outcomes, but p-mTOR expression levels do correlate, suggesting future investigations into post-GMH hydrocephalus development should focus less on ECM protein proliferation and more on alternative p-mTOR-related pathways, particularly active mTOR's relationship with immunomodulatory and cell survival pathways.
Our study has some limitations that need to be considered. First, neither the time course of dabigatran plasma concentrations after intranasal injection, nor the time course of dabigatran brain levels after intraperitoneal or intranasal administration. Second, the effects of intranasal dabigatran on haematoma volume were also not examined, nor were a dosing study on intranasal dabigatran performed. Third, thrombin has a plethora of downstream targets in addition to PAR/mTOR-induced ECM proliferation, including immunomodulatory and cell survival pathways. 46 The scope of this study was on PAR-1/mTOR to isolate a potentially effective pathway downstream of thrombin which may play an important role in post-haemorrhagic hydrocephalus development. PAR-1 agonist and antagonist effects should also be interpreted cautiously, since PAR-1 exhibits biased agonism and responds to various doses of drugs and stimuli differently. 47 Fourth, some evidence suggests plasma fibronectin and vitronectin leak into the brain tissue following haemorrhagic transformation after ischaemia in adult mice, indicating another source of ECM proteins in addition to those produced from fibrosis. 48 Increased long-term ECM protein expression after GMH, however, may depend more on chronic fibrosis than acute vascular extravasation. Fifth, the therapeutic window for post-GMH treatments is poorly defined due to lack of clinically approved or tested therapies, and the initial 2 h postictus treatment time point examined may be too narrow for clinical translation. Finally, although our model produces consistent haemorrhages with consequent gliosis, neurological deficits, white matter loss, brain atrophy, and post-haemorrhagic hydrocephalus consistent with human neonatal brain haemorrhage, vascular integrity is disrupted by direct protease infusion, 33 which does not perfectly model GMH pathophysiology caused by haemodynamic, microvascular, and cardiorespiratory instability emulated in other animal models. 49, 50 In addition to not perfectly emulating GMH pathophysiology, the injected collagenase also exacerbates inflammation, producing a robust, enduring inflammatory response after the initial haemorrhage. 51 Augmented inflammation may further damage tissue as well as stimulate both proliferative and apoptotic pathways, potentially confounding some of our findings. These limitations will be the focus of future studies.
